Infection with Helicobacter pylori, a Gram-negative, microaerophilic, flagellated bacteria that adheres to human gastric mucosa, is strongly associated with gastric ulcers and adenocarcinoma.
INTRODUCTION
Helicobacter pylori is a spiral, microaerophilic, Gram-negative bacteria that colonizes gastric epithelial cells and the gastric mucosal layer in 25-50% of the population in developed countries and 70-90% in developing countries, for an estimated 2 billion people worldwide. While most infected individuals are asymptomatic, H.pylori is a causative agent of peptic ulcer disease, gastric adenocarcinoma, and gastric mucosa-associated lymphoid tissue (MALT) lymphoma. The specific clinical outcome is determined by the interplay of H. pylori virulence factors, host gastric mucosal factors, and the environment. However, the mechanisms by which bacterial and/or host factors cause disease remain unclear. and NF-κB-binding sites in the IL-8 promoter resulted in a decrease in the response to H. pylori infection. Mutation of the AP-1 site alone resulted in a crippled promoter that was only partially responsive to H. pylori. In contrast, mutation of the NF-κB site resulted in a promoter that was completely nonresponsive to H. pylori infection demonstrating the critical importance of NF-κB in the response. Maeda et al. (6) further demonstrated that H. pylori-induced NF-κB activation in gastric epithelial cells involved IκB kinases, NIK, TRAF2 and TRAF6.
Gastric epithelial cells respond to infection with
Cells of the innate immune system sense and respond to microbial products via the Toll-like receptor family. Toll-like receptors (TLR) are an evolutionarily conserved family of cell surface molecules that participate in innate immune recognition of pathogen-associated molecular patterns (PAMPs) (7) . PAMPs are generally unique, chemically diverse products with conserved motifs that are produced by microorganisms. PAMPs often have an essential role in the structure of bacteria and generally cannot be subtly modified as a result of mutation without adversely affecting microbial growth or pathogencity. Examples include LPS (specifically lipid A), peptidoglycan (PGN), lipoproteins, bacterial DNA, and bacterial flagella. At least 9 different TLRs have been identified. In some cases the bacterial ligand has also been identified. For example, TLR2 recognizes peptidoglycan (8) and bacterial lipoproteins (9) . TLR4 recognizes LPS from most gram negative species (10), TLR5 reacts with flagellin (11) , and TLR9 is a receptor for bacterial CpG DNA (12) . The signaling events occurring downstream of the TLRs are rapidly being elucidated and appear to have many common features. In general, the cascade of events occurring following ligation of the different TLRs involves the activation of a common set of adapter proteins and protein kinases, the best characterized of which leads to the activation of NF-κB (reviewed in (13;14) . All of the molecules identified by Maeda et al. (6) 
EXPERIMENTAL PROCEDURES
Reagents LPS (Escherichia. coli serotype 055:B5) was obtained from Sigma and H. pylori LPS purified as described below. Prior to use, both LPS preparations were subjected to an additional purification procedure as described by Hirschfeld et al. (18) . This procedure resulted in E. coli LPS that was free from contaminating endotoxin protein and is a specific TLR4 agonist. The synthetic lipopetide PAM 3 CSK 4 was provided by Prof. G. Jung, Tübingen, Germany.
Peptidoglycan purified from Staphyloccous aureus was purchased from Fluka.
Plasmid Constructs Human TLR2, TLR4, and MD-2 expression plasmids were previously described (19) . The TLR5 cDNA corresponding to the entire coding region was generated by RT-PCR using primers corresponding to the published sequences and cloned into pcDNA3.1Zeo (Invitrogen). Dominant-negative versions of TLR2, TLR4 and TLR5 were created by generating truncated cDNAs that resulted in deletion of the carboxy-terminal portion of the molecule (TLR2 truncated at amino acid 670, TLR4 at 700, and TLR5 at 685). Sequences of all clones were confirmed by automated sequencing. The human CD14 expression vector, pRc/RSVCD14, was a gift of R. Ulevitch (Scripps Research Institute, La Jolla, CA); NF-κBLuc was from Clontech. All plasmid DNAs were isolated by using endotoxin-free prep kits from Qiagen (Valencia, CA).
Cell culture and transfection HEK293 and AGS cells were from ATCC, MKN45 cells were purchased from the JCRB Cell Bank (Japan) and CHO-CD14 cells were a gift of D. Golenbock (Univ. of Mass.) HEK393 cells were cultured in DMEM + 10 % FBS (Hyclone), AGS cells in HAMs F-12 +10 % FBS and MKN45 in RPMI1640 + 10 % FBS. All cells were transfected in 24 well plates using LipofectAmine (Invitrogen). Each transfection contained 500 ng NF-κBLuc (Clontech), 50 ng TLR expression vector or pcDNA3.1Zeo, 50 ng pEF6-MD2, 100 ng pRc/RSVCD14, and 200 ng pTK-renilla (Promega) and 4 µl Lipofectamine. Transfections were performed in triplicate, cultured for 24 h, and then stimulated as indicated. Luciferase activities were determined using the dual luciferase kit from Promega and all activities normalized to the activity of the cotransfected TK-renilla plasmid. primers were in separate exons. Sequences of primers used are shown in Table I .
RT-PCR of TLR mRNA

Primary culture of H. pylori
Gastric antrum specimens were taken from two patients recruited at the endoscopy unit at the (20) , followed by protease treatment. All equipment was treated with EtoxaClean to remove all endotoxin contaminants. Briefly, the biomass was resuspended in endotoxin-free water at a concentration of 1g/ml and homogenized for 10 minutes at high speed in a Sorvall Omni Mixer. An equal volume of liquefied phenol was added to the bacterial suspension and heated at 65°C for one hour. The solution was then blended for regular two-minute intervals, for a total of 10 minutes, at high speed in a Sorvall Omni Mixer, and then was cooled on ice. The mixture was centrifuged at 5,000xg, at 4°C, for 15 minutes, and the aqueous layer was collected. An equal volume of endotoxin-free water was added to the remaining phenol layer, mixed, and the centrifugation and collection steps were repeated for a total of 3 aqueous-layer collections. The aqueous phases were combined and dialyzed against six liters of endotoxin-free water for 72 hours to remove all residual phenol, and was freeze-dried.
The crude LPS was resuspended at 10mg/ml in 0.1M Tris-HCl buffer, pH 7.5, containing 1mg/10ml DNase II and RNase A, and 0.1mg/10ml proteinase K. The suspension was incubated at 37°C for 16 hours, and then at 65°C for an additional 16 hours. The enzyme-treated LPS was dialyzed again against six liters of endotoxin-free water over 72 hours to remove degraded compounds. The resulting solution was freeze-dried for 48 hours. Prior to use, LPS was subjected to an additional purification procedure as described by Hirschfeld et al. (18) . Threshold cycle number, of duplicate reactions, was determined using the Opticon software and levels of chemokine mRNA expression normalized to HPRT levels using the formula 2
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where Rt is the mean threshold cycle for the reference gene (HPRT) and Et is the mean threshold cycle for the experimental gene. Data are thus expressed as arbitrary units. Primer sequences are provided in Table 1 .
RESULTS
Toll like receptor mRNA expression in AGS and MKN45 gastric epithelial cell lines
In order to determine which Toll-like receptors (TLRs) are expressed on gastric epithelial cells and thus may participate in the response to H. pylori we examined TLR2, TLR4, TLR5, and MD2 mRNA expression by RT-PCR. As shown in Figure 1 , AGS and MKN45 cells express mRNA for TLR4 and 5. TLR2 mRNA expression was not detectable in AGS cells, but could be readily detectable in MKN45 cells. The expression of MD2, a critical co-factor for the ability of TLR4 to recognize LPS, was not detected in AGS or MKN45 cells. Thus, although both gastric epithelial cell lines examined express the mRNA for the LPS signaling molecule TLR4, the lack of MD2 expression suggests that these cells may lack the ability to signal via TLR4
We next determined the capacity of MKN45 cells to activate NF-κB in response to TLR ligands. MKN45 cells were transiently transfected with a NF-κB/luciferase reporter plasmid and abilities of the synthetic lipopetide PAM 3 CSK 4 (a TLR2 agonist), highly purified E. coli LPS (a TLR4 agonist), or live H. pylori, to induce luciferase expression were determined. As shown in the transfection experiment in Figure 2A , PAM 3 CSK 4 and H. pylori, were capable of activating NF-κB in MKN45 cells while E. coli LPS could not. Similar results were seen using another TLR2 agonist, peptidoglycan (data not shown). Thus, MKN45 cells are in fact responsive to at least some TLR agonists.
In order to determine if the inability of MKN45 cells to respond to E. coli LPS was due to the lack of MD2 expression, the experiment in Figure 2B was performed. MKN45 cells were cotransfected with expression plasmids for CD14 and MD2 (or empty vector control) along with the NF-κB reporter. E. coli LPS was capable of activating NF-κB but only when the MD2 expression plasmid was cotransfected. These results indicate that MKN45 cells do in fact express a functional TLR4 protein but due to the lack of MD2 expression they are incapable of responding to LPS. This then provides a potential explanation for the lack of effect of H. pylori
LPS on MKN45 cells observed by Aihara et al. (4).
H. pylori activates NF-κB in HEK293 cells via TLR2 and TLR5
In order to determine which, if any, TLRs may play a role in the response of epithelial cells to H.
pylori, we chose to examine the H. pylori-induced NF-κB response in HEK293 cells transfected with TLR2, TLR4, or TLR5. In the representative transfection experiment (of 3 total) shown in 
Purified H. pylori flagellin activates NF-κB via TLR5
H. pylori is a flagellated bacterium which likely explains its ability to stimulate HEK 293 and MKN45 cells via TLR5. In order to confirm that the responses observed above are in fact due to the interaction of H. pylori flagellin with TLR5, we generated a partially purified flagellin preparation from H. pylori cultures and assessed the ability of this material to activate NF-κB in both HEK293 and MKN45 cells. As shown in Figure 7A , stimulation of HEK293 cells with this flagellin preparation resulted in NF-κB activation in cells transfected with either TLR5 or TLR2.
Treatment of the flagellin preparation with polymyxin-B partially inhibited the response of HEK-TLR2 cells but had no effect on HEK cells transfected with TLR5. Likewise, as shown in Figure   7B , transfection of MKN45 cells with a dominant negative TLR5 construct partially inhibited the response of the cells to the flagellin preparation. These results therefore indicated that H. pylori is capable of activating gastric epithelial cells as a consequence of flagella expression and as predicted this response is mediated via TLR5.
H. pylori induces chemokine gene expression via TLR2 and TLR5
The studies described above were limited to the analysis of NF-κB activation in response to H. Although, the mechanism through which CagA effects cellular responses is still unclear, a report demonstrating the interaction of CagA with SHP2 is particularly intriguing (35) . We would predict that stimulation of gastric epithelial cells with purified TLR2 and TLR5 agonists will result in the regulation of a subset of genes that are also regulated in response to H. pylori infection. It is highly likely that the response induced by H. pylori will be both qualitatively and quantitatively different than that which we observe with the purified TLR agonists, possibly due in part to the presence of Cag PAI by H. pylori. Interestingly , Guillemin et al (34) Cultures were stimulated for 18h with 5 µg/ml H. pylori LPS, 1 µg/ml E. coli LPS, or 100 ng/ml PAM3CSK4 prior to assay for luciferase activity. Data are means +/-std. dev. of triplicate transfections. C. MKN45 cells were transiently transfected as in 6A and cultures stimulated for 18h with 100 ng/ml PAM 3 CSK 4 or 10 µg/ml H. pylori LPS prior to assay for luciferase activity. All transfections were performed in triplicate and data represent means +/-std. dev. 
